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Predicting Functional Properties of Visual
Cortex from an Evolutionary Scaling Law
of the visual world that the neuron is responsible for.
The size of a neuron’s RF is defined as the area (deg2 ) of
the visual world in which the presence of an appropriate
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The Salk Institute stimulus is reported by firing of the cell. Of course, be-
cause the peripheral parts of the visual field are sampledLa Jolla, California 92037
less densely than central parts, one would expect that
the RFs in the periphery would be larger than those
centrally so that all of the visual world would be covered;Summary
this expectation has been confirmed by experiment (for
example, for the Cebus monkey, Gattass et al., 1987,The number of neurons in the primary visual cortex
(V1) is, across primate species, related to the number Figure 1B). The first guess might be that, because the
ACMF (and density of sampling of the world by theof neurons in the visual thalamus (the lateral geniculate
nucleus [LGN]) by a power law with an exponent of 3/2. retina) decreases as one moves to the periphery, the
RF size would have to increase correspondingly withThis evolutionary scaling law is explained by a simple
relation according to which the fineness of resolution eccentricity; that is, one might suppose that the RF area
is inversely proportional to the ACFM. But this is not thein cortex is related to the number of neurons in the
area of cortex used to process the information from case, as is shown in Figure 1B, where the Cebus monkey
RF area is plotted as a function of eccentricity (Gattassa single point of light (the point-spread area). The same
theory provides a link between two functional proper- et al., 1987): the dotted line in this plot is based on the
prediction that the RF area is inversely proportional toties of the visual cortex, the areal cortical magnifica-
tion factor (ACMF) and the receptive field (RF) area. the ACFM. Here, I show how evolutionary scaling law
relating the number of neurons in LGN to the number
in V1 can predict the relationship between RF and ACFM.Introduction
This prediction is confirmed for three different species
and two different visual cortical areas (V1 and V2).The areal cortical magnification factor (ACMF) and re-
ceptive field (RF) area are two important functional prop-
erties of visual cortex that vary systematically across the Results
cortical surface. To understand the meaning of “ACMF”
and “RF area,” one must consider the visual system’s The evolutionary scaling law predicts, through a simple
argument presented below, that the RF area as a func-strategy for making the best use of the limited bandwidth
provided by the optic nerve (Barlow, 1961). Unlike digital tion of eccentricity should be proportional to the ACMF
to the2/3 power. The ACMF as a function of eccentric-cameras, which sample the visual world uniformly, the
retina samples the central part of visual space very ity has been approximated as a power law by the authors
who obtained the data for Cebus (Gattass et al., 1987)densely and the more peripheral parts progressively
more sparsely (Rolls and Cowey, 1970; Silveira et al., (Figure 1A); these authors found that ACMF is propor-
tional to eccentricity to the 1.88 power. The empirical1989). The effect of this sampling strategy is that the
limited bandwidth of the optic nerve is used to give a fits to the ACMF determined for these data have been
raised to the 2/3 power and plotted on the RF sizemuch higher resolution for central vision than would
be achieved with uniform sampling and a much lower data measured in the same animals (Gattass et al., 1987),
as illustrated in Figure 1B. The observed RF area as aresolution for peripheral vision. This scheme works well
because we can move our eyes to provide the highest function of eccentricity is clearly well predicted by the
ACMF data for V1 in this species by use of the 2/3resolution image for the most relevant parts of the visual
world. power relation.
I start by reviewing the evolutionary scaling law (Ste-As would be expected from the retina’s sampling
strategy, much more visual cortex is devoted to central vens, 2001). According to this law, the number of neu-
rons N in V1 is proportional to the 3/2 power of thethan to peripheral vision, an effect expressed by the
ACMF (Daniel and Witteridge, 1961; Holmes, 1945; Tal- number of neurons n in the LGN:
bot and Marshall, 1941). The ACMF specifies the area
N  n3/2. (1)of V1 (mm2 ) that represents any deg2 of the visual world
as a function of eccentricity, the distance from central To see how this relation might arise, I need to define
vision (measured in degrees). An example of a cortical “pixel” for the visual cortex. For a digital system, such
magnification factor for a Cebus monkey (Gattass et al., as a camera, the image is represented by discrete pixels,
1987) is shown in Figure 1A, where it can be appreciated the number of which defines the resolution with which
how much more of V1 is devoted to central than to the original image can be represented. For an analog
peripheral vision and how rapidly the ACMF declines as system, like a camera lens, diffraction or other features
one moves to the periphery. of the system limit resolution, and one can again identify
The RF area of a cortical neuron specifies how much a “pixel” as the point spread area, the area in the image
produced by a single point of light. Following this idea,
then, I identify the size of a pixel in V1 as the area of1Correspondence: stevens@salk.edu
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Figure 1. ACMF and RF Area as a Function
of Eccentricity for Cebus V1
(A) The ACMF, on a linear plot, with a fit to
the data with a power law (exponent1.88)
as determined by the authors.
(B) RF area, as a function of eccentricity on
a double logarithmic plot for Cebus V1. The
dotted line is a power law with an exponent of
1.88, the inverse of the ACMF for this species.
The solid line is a power law with an exponent
1.25, the ACMF in (A) raised to the 2/3
power.
cortex activated by a point of light. McIlwain (McIlwain, eccentricity E—which is, in turn, proportional to the area
of V1 occupied by a pixel (Rockel et al., 1980)—is propor-1976; Hetherington and Swindale, 1999) has identified
the point-spread area as the product of the ACMF and tional to the square root of the number of pixels repre-
senting that deg2 of the visual scene. Thus, the scalingthe RF area, and I follow his definition. Now, if I suppose
that the number of pixels used to encode the visual law requires, with a proportionality constant k, that
scene in V1 is proportional to the number of LGN neu-
k/a(E)1/2  (E)a(E) (2)rons that supply information to V1 (this is equivalent
to saying that the cortical resolution is limited by the
(that is, the square root of the number of pixels per deg2
fineness with which the image is represented in the
is proportional to the cortical area occupied by a pixel),
LGN), then the number of V1 neurons per pixel is propor-
which rearranges to give
tional to n1/2; to see this, note that the number of neurons
N in V1 is proportional to the number of cortical pixels a(E)  [(E)/k]2/3, (3)
(n ) times the number of neurons per pixel (n1/2). The idea
here is to apply this same relation to V1 at different the equation used above.
The evolutionary scaling law holds across a variety ofeccentricities. At each eccentricity E, then, I suppose
that, for a small patch of the visual scene (say, 1  1), primate species (Stevens, 2001), and so the RF area
should be predicted from ACFM data as a function ofthe number of cortical neurons in each pixel represent-
ing the patch is proportional to the square root of the eccentricity for primates other than Cebus (Figure 1).
To see if the same relation is valid for another case, Inumber of pixels used to encode the scene in that patch.
To apply this idea, I must identify the number of pixels have plotted ACFM data (Figure 2A) and RF area data
(Figure 2B), both as a function of eccentricity, for Galagoencoding a deg2 of the visual scene and the number of
visual cortical neurons in each pixel. A cortical pixel at V1 (Rosa et al., 1997a). As before, both types of data
were obtained by the authors from the same animals,eccentricity E, projected back onto the visual scene,
would correspond to an area a(E ), the RF area. Because and I have superimposed the best-fitting power func-
tion, determined by the authors, to the ACMF as a func-the neuronal density is constant across V1, the area
of each cortical pixel is proportional to the number of tion of eccentricity; again, the authors represented
ACMF as proportional to eccentricity to the 1.6 powerneurons in it. Following McIlwain (1976), the number of
pixels representing a deg2 of the visual scene at eccen- in this case. The dotted line in Figure 2B is what would
be expected if the RF area were reciprocally related totricity E is 1/a(E ) pixels per deg2 ; the number of pixels
used must be proportional to the reciprocal of pixel area ACMF, and the solid line is the prediction from the theory
presented above. Again, the prediction is confirmed.in order to achieve uniform coverage of the visual world.
As noted above, the area of cortex representing a Because all of thalamus and all of cortex follow the
same 3/2 power evolutionary scaling law as LGN andpixel would be, according to McIlwain (1976), (E )a(E )
(units: mm2 of cortex), where (E ) (units: mm2 of cortex V1 (Stevens, 2001), it has been conjectured that the
fundamental mechanisms that generate this scaling re-per deg2 ) is the ACMF at eccentricity E. As noted above,
the evolutionary scaling law specifies that the number lation might hold for many cortical areas. If this were
the case, the argument given above should apply to anyof neurons required for each pixel encoding a deg2 at
Figure 2. ACMF and RF Area as a Function
of Eccentricity on a Double Logarithmic Plot
for Galago V1
(A) Data for ACMF; the solid line is a power
function, fitted by the authors, with an expo-
nent of 1.6.
(B) Data for RF area. The solid line is a power
law with an exponent 1.07, the Galago ACMF
function presented in (A) raised to the 2/3
power.
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Figure 3. ACMF and RF Area as a Function
of Eccentricity for Marmoset V2 on a Double
Logarithmic Plot
(A) Data for ACMF with an empirical function
fitted by the authors; see Experimental Pro-
cedures for the equation used.
(B) RF area data; the solid line is the function
fitted to the ACMF (A) data raised to the2/3
power.
cortical visual region for which ACMF and RF area are mine if the same relationship holds for different defini-
defined. Because data for these properties are also tions of receptive field area.
available for V2, the conjecture that the scaling relation If a pixel can be defined for other cortical regions, a
might be a general cortical feature can be tested in this more abstract version of this view holds that pixel size
second visual area. This is done in Figure 3B, where RF is proportional to the square root of the local pixel den-
size data as a function of eccentricity are plotted for the sity in the cortical region. Although this size/density rela-
second visual area (V2) of the Marmoset (Rosa et al., tionship for pixels was derived earlier by appeal to the
1997b). The authors determined the Marmoset ACMF notion that angular resolution and linear resolution
as a function of eccentricity and fitted an empirical equa- should covary in cortex (Stevens, 2001), the specific
tion (a second order polynomial on a double logarithmic assumptions used in this derivation are not required for
plot) to their data (Rosa et al., 1997b), as shown in Figure the present case; all one needs is the idea that pixel
3A; one can see in Figure 3B that the RF area as a size is proportional to the square root of pixel density.
function of eccentricity is well predicted from the empiri- As I noted above, the proportionality constant k  6
cal equation describing ACMF (value of ACMF at each mm2 deg for V1 and k  12 mm2 deg for V2. Why would
eccentricity raised to the 2/3 power). This observation these values differ? According to the evolutionary scal-
supports the notion that the same cortical properties ing law, the fundamental characteristic of a cortical pixel
hold for at least two cortical visual areas. is not the area of cortex but rather the number of cortical
The evolutionary scaling relationship holds that the neurons required for a pixel’s computations. In terms of
square root of pixel density is proportional to the area neuron numbers, k  6 mm2 deg for V1 corresponds to
of cortex occupied by a pixel; the proportionality con- about 12  106 neurons deg (Rockel et al., 1980). Be-
stant k between these two quantities has the units of cause cortical areas other than V1 have about half as
cortical area (mm2 ) times deg of visual field. The value many neurons underneath a mm2 of cortical surface as
of k used for Figures 1B and 2B is 6 mm2 deg, and for does V1 (Rockel et al., 1980), a value of k  12 mm2 deg
Figure 3B, k  12 mm2 deg. These values were deter- would correspond to the same value of k as for V1 if k
mined by a simultaneous least squares fit to the three is expressed in units of neurons deg.
data sets (in Figures 1B–3B) with the constraint that the I observed earlier that the total number of neurons in
value of k for the Figure 3B data be twice the value for all of the neocortex is proportional to the 3/2 power of
the Figure 1B and 2B data. I return to the meaning of the total number of thalamic neurons. The fact that the
these values below. same power relationship holds both for LGN/V1 and all
of thalamus/all of neocortex raises the possibility that
this scaling law is revealing a fundamental property ofDiscussion
cortical structure. If one can accept that the data pre-
sented here support the correctness of the 3/2 scalingAcross primate species, the number of neurons required
law, then I have demonstrated that at least one addi-to process the information increases as the 3/2 power
tional cortical area (V2) conforms to the conjecture thatof the number of neurons that supply the information to
the scaling law may be general. The sort of analysisV1. Because a larger number of LGN neurons provides
presented here would have to be extended to manyinformation about the central part of the visual field than
different cortical areas before the generality of the scal-about the periphery, one might expect—if the scaling
ing law could be established; but if the law were truelaw is generally applicable—that there are more V1 neu-
for multiple areas, this would imply an interesting picturerons per LGN neuron for the representation of central
of how cortex is organized. According to the most gen-vision than for peripheral. From this point of view, central
eral version of this view, any neocortical region wouldvision in an animal with a small eye and LGN is like more
have a map, perhaps a very abstract one, with identifi-peripheral vision in an animal with a larger eye and LGN.
able pixels that define the graininess of the map; theI have shown above that application of this evolutionary
pixel size (number of neurons, which is proportional toscaling law to V1 and V2 provides an explanation for
cortical area) would then be proportional to the localthe relationship between ACMF and RF area, although
density of cortical pixels used to represent the map. IfI must stress that the agreement with experiment dem-
this view were correct, an important job for the corticalonstrated here might depend on the way receptive field
size has been measured. Additional studies must deter- neuroscientist would be to identify what map is present
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McIlwain, J.L. (1976). Large receptive fields and spatial transforma-in each cortical area and to learn why the pixel size is
tions in the visual system. Int. Rev. Physiol. 10, 223–248.related to the square root of the pixel density.
Rockel, A.J., Hiorns, R.W., and Powell, T.P. (1980). The basic unifor-
mity in structure of the neocortex. Brain 103, 221–244.Experimental Procedures
Rolls, E.T., and Cowey, A. (1970). Topography of the retina and
striate cortex and its relationship to visual acuity in rhesus monkeysValues for data points from graphs of ACMF and RF area as a
and squirrel monkeys. Exp. Brain Res. 10, 298–310.function of eccentricity (Gattass et al., 1987; Rosa et al., 1997a,
1997b) were measured with a digitizing graphics pad and replotted Rosa, M.G., Casagrande, V.A., Preuss, T., and Kaas, J.H. (1997a).
for the figures presented here. The power functions fitted by the Visual field representation in striate and prestriate cortices of a
authors to the data for ACMF as a function of eccentricity were prosimian primate (Galago garnetti). J. Neurophysiol. 77, 3193–3217.
used—the empirical function describing the ACMF data appears in Rosa, M.G., Fritsches, K.A., and Elston, G.N. (1997b). The second
(A) of each figure—to predict the RF area data that appear in (B) of visual area in the marmoset monkey: visuotopic organisation, mag-
each figure. The ACMF functions are ( in mm2 /deg2 is the ACMF, nification factors, architectonical boundaries, and modularity. J.
and E is the eccentricity in deg): Cebus (Gattass et al., 1987) V1 Comp. Neurol. 387, 547–567.
(Figure 1A):   60.65E1.88; Galago (Rosa et al., 1997a) V1 (Figure
Schutz, B.F. (1980). Geometrical Methods of Mathematical Physics
2A):   5.6E1.6; Marmoset (Rosa et al., 1997b) V2 (Figure 3A):
(Cambridge: Cambridge University Press).
log()  2.8  1.49log(E )  0.341(log(E ))2 . For the RF area figures,
Silveira, L.C., Picanco-Diniz, C.W., Sampaio, L.F., and Oswaldo-the data were smoothed by averaging together c adjacent data
Cruz, E. (1989). Retinal ganglion cell distribution in the cebus mon-points from the original graph; in the figures, the average RF area
key: a comparison with the cortical magnification factors. Visionis plotted as a function of the average eccentricity. For Figures 1B,
Res. 29, 1471–1483.2B, and 3B, c is 8, 4, and 8.
Stevens, C.F. (2001). An evolutionary scaling law for the primateAccording to an earlier theory that accounts for the evolutionary
visual system and its basis in cortical function. Nature 411, 193–195.scaling relationship, V1 has the structure of a fiber bundle (Schutz,
1980). What this means is that V1 can be considered as a three- Talbot, S.A., and Marshall, W.H. (1941). Physiological studies on
dimensional space that consists of a base (the retinotopic map onto neural mechanisms of visual localization and discrimination. Am. J.
the cortical surface with two dimensions, vertical/horizontal and Ophthalmol. 24, 1255–1264.
left/right) and, at each cortical location, a fiber that specifies, ac-
cording to which neurons are firing, the angle of a line or edge at
that point in the visual field; the fiber provides the third dimension.
This space is not continuous, however, but discrete, with a graini-
ness that is determined by the number of neurons available. The
3/2 evolutionary power law for numbers of V1/LGN neurons arises
from the fact that, as V1 is scaled up or down in size by evolution, the
relationship between the resolutions in each of the three dimensions
should be preserved so that the angular and linear resolution change
in parallel. Since the resolution in each direction is proportional to
the number of neurons, the number of cells per pixel should vary
as the square root of pixel density to make the linear resolution
along each of the three dimensions equal.
This derivation provides an explanation for why pixel size (number
of neurons or cortical area) would be proportional to the square
root of pixel density, but any alternative theory that gives a pixel
size that is proportional to the square root of pixel density will do
as well for explaining the 3/2 evolutionary scaling law and for relating
RF area and ACMF.
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